One of the most important issues in the flight control system of a space plane is how to overcome various uncertainties. This study aims to design a nonlinear adaptive flight control system based on the Immersion and Invariance (I&I) method to tolerate the uncertainties of parameters. In general, it is difficult to acquire several exact parameters, such as stability derivatives, of a space plane because of its wide flight envelope. Therefore, it is necessary to design a nonlinear fight control system under the condition where uncertainties of parameters exist. This study focuses on the I&I which is a new adaptive control method. In this study, the unknown parameters are considered to be multiplicative uncertainties toward the rigorous dynamics model because the controller designed by this kind of method can tolerate not only the specific disturbance but also various uncertainties. The flight control system based on the I&I is applied to space plane model and the availability of the proposed flight control system is verified by the six-degree-of-freedom nonlinear simulation. 
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I. Introduction
PACE plane has a characteristic that it is difficult to acquire several exact parameters, such as stability derivatives, because of its wide flight envelope. In the past, a control system based on gain scheduling has been used to overcome the variation in dynamic characteristic 1 . However, because of design cost and complexity, many new control methods have been actively researched, especially nonlinear control systems 2, 3 . In general, nonlinear control systems have drawbacks such as vulnerability to modeling errors. Therefore, it is necessary to design a nonlinear flight control system under the condition where uncertainties of parameters exist.
Against these backgrounds, this research focuses on a nonlinear flight control system based on the Immersion and Invariance (I&I). The method based on the I&I attracts as much attention as the cancellation and domination design methods. In the cancellation and domination design method, the controller is designed on the basis of a Lyapunov function to stabilize the total system. On the other hand, the I&I method can lead a control algorithm based not on a Lyapunov function but on the I&I. In addition, a Lyapunov function, which has interference of state and parameter estimation, will be derived when system stability is analyzed. As described above, the I&I method has the advantage that the control algorithm and Lyapunov function can be spontaneously led, and it is said that the I&I method is effective for nonlinear systems 4 . We apply a nonlinear adaptive flight control system based on the I&I method to an airframe model of a space plane to reveal the feasibility of a horizontal take-off and landing space plane assisted by a sea ship 5 . In designing a control system, the controller which can achieve desired functions is needed even though there are unknown aerodynamic moments and unknown aerodynamic forces. Therefore, the proposal control system describes these uncertainties as unknown parameters and adapt estimated parameters to unknown ones on the basis of the I&I adaptive law. In this study, the unknown parameters are considered to be multiplicative uncertainties toward the rigorous dynamics model when the controller is designed. The controller designed by this kind of method can tolerate not only the specific disturbance but also various uncertainties.
Besides, in this research, the control gains are acquired on the basis of genetic algorithm (GA) in order to design the control system systematically because there is no effective proposal which can acquire the exact control gains. The availability of the flight control system is verified by the six-degree-of-freedom nonlinear simulation. In the simulation the nonlinear adaptive flight control system based on the I&I and the robust control system called H ∞ ⋅ MDM/MDP (applied to the Automatic Landing Flight Experiment (ALFLEX)) are compared using the Monte Carlo approach. The contents of simulation are nominal flight, unknown aerodynamic moments acting on the body, and gust.
The paper is organized as follows: First, the concept of the space plane is briefly discussed in Sec.II. Sec.III is devoted to the Immersion and Invariance. In Sec.IV the nonlinear adaptive flight control system based on the I&I is shown. Simulation results are shown in Sec.V. Finally, the conclusions can be found in Sec.VI.
II. Concept of a horizontal take-off and landing space plane assisted by a sea ship
In our laboratory, a concept of a future generation space transportation system has been proposed and studied. At the time of proposing the concept, the following three requirements were given: i. High level of security ii. Early realization using existing technology iii. Developable in Japan overcoming the geographical constraint To satisfy these requirements, a concept of a horizontal take-off and landing space plane assisted by a sea ship has been proposed. The concept has three major aspects. First, the space plane takes off horizontally from the ship. Second the space plane carries out a suborbital flight mission. Finally, it lands on the same ship. The outline drawing of this concept is represented in Fig.1 . Figure 1 . Concept of horizontal take-off and landing space plane assisted by sea ship.
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The concept is different from not only conventional space transportation systems but also general aircraft in taking-off and landing from the same scale and high speed platform. Therefore, our laboratory has been verifying the operability of the take-off and landing phase using the autonomous flight of a proof of concept (POC) airframe model. The appearance and the specification data of POC are shown in Fig.2 and Table1. In this research, the nonlinear adaptive flight control system based on the I&I method is applied to the airframe illustrated in Fig.2 .
III. Immersion and Invariance
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The I&I is composed of immersing the system and invariance of the manifold. The basic scheme of immersion is the action to immerse the plant dynamics into a target system that captures the desired characteristic. In contrast, the invariance of the manifold is the characteristic that a trajectory which started at a random point in a manifold remains in the manifold. The I&I method aims to stabilize the system by using these aspects. The characteristics of I&I are shown in Fig.3 .
On the other hand, the adaptive control method based on the I&I is a new adaptive control scheme proposed by Ortega and Astlfi 4 . It differs from most of the adaptive controller design methodologies because it can naturally lead the control input and tuning rule of parameters by designing the adaptive control system on the basis of I&I. In addition, a Lyapunov function, which has a state and parameter estimation interference, is derived when system stability is analyzed. The procedure of the control design is as follows: i. Select a closed loop system which is generated when an input is made by using an unknown parameter as a known one ii. Think of the selected closed loop system as a target dynamics iii. Add a new term to the tuning rule of parameters iv. Form a manifold by using the new term
The adaptive control method based on the I&I is well-suited to situations where a stabilizing controller for a nominal reduced-order model is known, and we would like to robustify it with respect to higher-order dynamics. 
A. Definition of the coordinates
The definition of the coordinates with respect to the aircraft model of a space plane is shown in Fig.4 . The velocity, attitude angle, angular velocity, aerodynamic force, and moment are described as follows:
Next, the six-degree-of-freedom nonlinear equations of motion are given by 
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B. Outline of flight control system
The nonlinear adaptive flight control system based on the I&I has three subsystems, guidance, attitude control, and velocity control. A block diagram is displayed in Fig.5 .
C. Guidance system
The Guidance system calculates the reference attitude angle for attitude control system for obtaining the desired trajectory. The navigation equations are given in (3). 
Using the identity of trigonometric function, the equations can be rewritten as 
Next, both present position and next target point are used for determining the desired trajectory, straight line or circle.
Straight line trajectory 
where 0 p k > . Furthermore, utilizing present altitude and reference altitude, the equation given in (8) is led.
( ) ( )
with 0 z k > . The target value of attitude angle can be calculated by using the expressions given in (5) to (8).
D. Attitude control system
The attitude control system calculates the actuator commands to obtain the desired attitude angle given by the guidance system under the condition where the unknown aerodynamic moments act upon the aircraft.
First, the equations of rotational motion are given by
( ) 
are the unknown aerodynamic moments acting on the body. For simplicity it is assumed that the aerodynamic moments can be described by 
where 
where ( ) 
where each element of the perturbation vector is given as follows:
Finally, the update laws ˆi ϑ and the functions ( ) i β ⋅ will be designed so that the perturbation in (19) is driven asymptotically to zero. Consider the estimation errors given in (16) and the dynamic update laws
Note that the term in brackets is a function of , ϕ ω and the first and second derivative of d ϕ , therefore is measurable. Using expression (20), the dynamics of (16) along the trajectories of (18) are given by ( )
The function ( ) 
E. Velocity control system
The Velocity control system asymptotically regulates the aircraft speed to a desired set-point in the presence of unknown aerodynamic forces acting on the body.
First, the translational dynamics of the aircraft are described by the equation Next, the control law for the thrust x T that regulates the total airspeed V ν = to a desired constant d V will be led.
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To begin with, the kinetic energy error is defined ( )
and note that, from expression (25), the dynamics of E are given by ( )
The estimation error is then defined as
where F is a new state and ( ) β ⋅ is a continuous function to be defined, and the control law is
where ( ) V κ is a positive function.
By selecting the update law
yields the closed-loop system ( )
Finally, an appropriate selection of ( ) 
F. Obtainment of control gains using genetic algorithm
The control gains of flight control system are acquired systematically by using a learning method based on evaluation functions because there is no unified suggestion which can obtain the control gains. In fact, the gains with respect to the guidance, attitude control and airspeed control shown in the previous section are acquired using the genetic algorithm based on evaluation functions. The simulation cases in designing control gains and the evaluation functions are as follows: 
A. Conditions of Simulation
The availability of the flight control system was verified with a six-degree-of-freedom nonlinear simulation. In the simulation, the nonlinear adaptive flight control system based on the I&I and the robust control method named H ∞ ⋅ MDM/MDP (applied to ALFLEX) were compared using the Monte Carlo approach.
The airframe model, external environment model, and guidance/control law were considered as a mathematical model in the simulation. In the airframe model, the actuator characteristic was expressed using the second order time delay model with restrictions of position and velocity. In addition, the characteristic of sensor was assumed to be ideal that there were no errors in both static and dynamic conditions.
As the external environment model, only wind was used. The constant wind and gust models were constructed using the MIL-F-9490D method applied to the ALFLEX simulation where, h' is the height reference before landing phase and t' is the time when landing phase started.
• Disturbance : none • Random Disturbance (Gust) The Dryden wind turbulence model 8 is used as the random disturbance (Gust). Only head-on wind is considered in the simulation. Therefore, the gust disturbance affects the velocity u , w and angular velocity q (pitch rate). The random disturbance (Gust) occurred twice in this each simulation. The details are as follows: • The number of simulation : 100
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In these simulations, only longitudinal motion is considered. However, it goes without saying that the vertical and lateral motion can be treated in the same way.
B. Results and Discussions
In this section, the simulation results of three different conditions as referred to above are represented. First, the time histories of height, velocity, pitch rate, actuator steerage and attack angle are respectively shown as the result of content (a) in fig. 6 -fig. 10 . In each figure, the left-hand chart is the result of proposed I&I adaptive control. In contrast, the right-hand chart is the result of robust control ( H ∞ ⋅ MDM/MDP).
Second, as the result of content (b), hundred-time height and velocity are displayed in Fig.12 and Fig.13 . The bar chart of total flight results using the Monte Carlo approach is shown in Fig.11 . In this regard, the bar chart expresses the result of success, fall, divergence of attack angle, divergence of sideslip angle and divergence of actuator steerage respectively. In addition, the time history of error of parameter estimation is represented in Fig.14 Finally, hundred-time height and velocity are shown in Fig 16 and Fig.17 as the result of content (c). The bar chart of total flight results using the Monte Carlo approach is shown in Fig.15 . In addition, the time history of error of parameter estimation and Gust are represented in Fig, 18 and Fig.19 .
In what follows, discussions obtained from these results are described.
(a) The results plotted in Fig.6 and Fig.7 indicate that the I&I adaptive control has better readiness and following capability than the robust control ( H ∞ ⋅ MDM/MDP). In addition, Fig.8 to Fig.10 shows following two remarks. One is that each values of H ∞ ⋅ MDM/MDP are more vibrationally than those of I&I adaptive control. The other is that the results of I&I adaptive control moves more steeply. However, the vibrations and steep responses are caused by the characteristic of actuator; therefore these two points are not as important in considering the quality of both controllers. Additionally, in this time the trajectory tracking is emphasized in designing I&I adaptive control using Genetic Algorithm. If the other point such as restraining vibration or steep response is valued, I&I adaptive control can constrict the vibration or steep response. As presented above, the results of simulation (a) can be summarized as bellow:
• I&I adaptive control can be designed just as the designer designed by using the proposed evaluation functions.
• I&I adaptive control has better capability especially in trajectory tracking and readiness.
(b) In this simulation, the value of moment is fluctuated suddenly as an error of stability derivatives or a damage of wing surface. First, the bar chart in Fig.11 represented that I&I adaptive control overcomes all of the onehundred-time flight. On the other hand, H ∞ ⋅ MDM/MDP has much failure times than those of success. This is because that the given parameter fluctuation is severer than supposed robust area of H ∞ ⋅ MDM/MDP when it was designed. In Fig.12 and Fig.13 shows that I&I adaptive control is more stable than H ∞ ⋅ MDM/MDP in both height and velocity. In addition, the result in Fig.14 indicates that I&I adaptive control can adapt the suddenly parameter fluctuation.
As presented above, the results of simulation (b) can be summarized as bellow:
• I&I adaptive control has better capability in random disturbances (unknown aerodynamic moment) than Figure. 19 shows that this simulation gives exceptionally-strong wind. However, from Fig.15 to Fig.17 , both controllers can tolerate the influences of gust. In, addition, Fig.18 indicates that I&I adaptive control can adapt the gust. This result gives rise to that I&I adaptive control is more stable flight than H ∞ ⋅ MDM/MDP. As presented above, the results of simulation (c) can be summarized as bellow:
• Both I&I adaptive control and H ∞ ⋅ MDM/MDP are probably same performance with regard to the gust model.
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VI. Conclusion
This research focused on the nonlinear adaptive flight control system based on Immersion and Invariance. The control system was applied to the airframe model of space plane concept proposed in our laboratory whose name is a horizontal take-off and landing space plane assisted by a sea ship.
In designing a control system, the proposal control system described aerodynamic uncertainties as unknown parameters and adapted estimated parameters to unknown ones on the basis of I&I adaptive law. In this study, the unknown parameters as mentioned above were considered to be multiplicative uncertainties toward the rigorous dynamics model because the controller designed by this kind of method can overcome not only the specific disturbance but also various uncertainties.
The availability of the control system was verified by the six-degree-of-freedom nonlinear simulation. As the results of simulation, it was confirmed that the nonlinear adaptive flight control system based on I&I has better performance than the robust flight control system ( H ∞ ⋅ MDM/MDP) in both nominal and disturbance conditions.
For the future, we will improve the performance of the flight control system in order to verify the value by using the actual equipment. 
